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Abstract: The assessment of the long-term impacts of drought on tree growth decline using tree-ring
analyses may be used to test if plantations are more vulnerable to warming after successive
droughts, leading to a “cumulative stress” effect. We selected 76 Pinus pinaster trees (declining and
non-declining trees), and basal area increments over the last 20 years (BAI20) were calculated to build
the chronologies for the stand types and vigor classes. Resistance, recovery and resilience indices
were calculated. Pearson correlations, analyses and Partial Least-Squares regression were used to
analyze the relationships among the response and environmental variables. We found a negative and
significant relationship between mean temperature for May and June of the current year and growth
in the naturally regenerated stands. This negative effect on growth under warm spring conditions
was more noticeable in plantations than in naturally regenerated stands. A negative trend along time
was found for the resilience index in planted stands. Evapotranspiration, maximum temperature
and annual radiation showed significant and negative correlations with the growth of declining trees
from planted stands, indicating they are susceptible to drought stress. Declining trees in planted
stands showed a loss of growth resilience, specifically a negative trend after successive droughts.
Keywords: Andalusia; climate change; dendroecolology; drought stress; forest dieback; growth resilience;
Pinus pinaster; plantation; tree mortality
1. Introduction
The future climate is expected to be characterized by increasing temperatures and a higher
frequency of extreme climatic events (e.g., dry spells) which will alter the functions of forests [1].
For instance, aridification trends will negatively impact tree growth and increase mortality rates
as evidenced in many die-off episodes [2]. These episodes have been characterized by abrupt
growth decline and increased mortality rates particularly affecting pine plantations in drought-prone
areas [3–5]. The assessment of the long-term impacts of drought on tree growth decline using tree-ring
analyses has shown that plantations may be more vulnerable to warming-related drought stress than
comparable naturally regenerated forests [6].
Tree plantations represent ca. 7% of the total forested area worldwide, and in the Mediterranean
Basin they account for 10% of the total forest cover [7]. In this region, massive pine reforestations were
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carried out, mainly during the 20th century, to protect the soil against erosion, to restore watersheds and
to increase forest productivity, thus producing very homogeneous stands of pioneer pine species which
are susceptible to drought-induced die-off [4]. Pine plantations have been notably affected by drought
causing canopy dieback, a decline in productivity and wood production and widespread mortality
events [3,4,8–10]. The growth of Mediterranean pines is mainly constrained by water shortage during
the growing season (spring) and in the previous winter [11–15]. Drought and heat stress have been
associated with episodic canopy dieback or die-off in several pine species [16–19]. However, we lack a
good understanding of the long-term interactions between stand structure, i.e., by comparing naturally
regenerated vs. planted stands, and climate stress regarding pine growth. This retrospective analysis
would allow characterization of how the stand structure modulates climate-growth relationships and
affects mortality and drought-triggered die-off [20,21].
In naturally regenerated forests, trees grow more rapidly because of increased growing space
compared to dense and more regularly structured plantations [6]. If plantations show a more pronounced
vulnerability to drought stress, we would expect that they also have lower growth resilience after
drought than naturally regenerated stands growing under similar climatic and edaphic conditions.
Dendrochronology can be used to determine if die-off and mortality events affecting these plantations are
a consequence of a loss in growth resilience after successive droughts leading to a “cumulative stress”
effect [9]. Tree vulnerability may be exacerbated by such drought stress which may reduce growth
resiliency via perturbations of tree hydraulic functioning [22] or by reducing carbon reserves below critical
thresholds [23]. Also, post-drought recovery may be compromised by resource availability, which thus
determines subsequent growth rates and leads to drought legacies [24].
Recent research has identified common climatic responses for maritime pine (Pinus pinaster
Ait.) naturally regenerated populations in their southernmost European limit [25], but we lack
information on post-drought resilience in naturally regenerated vs. planted stands of this widely
planted species. In this context, a primary goal of this study was to develop tree-ring records of
P. pinaster growth in planted and naturally regenerated stands to assess their vulnerability to drought
stress. Specifically, this study addressed the following questions: (i) how sensitive is the radial-growth
rate of naturally regenerated and planted P. pinaster stands to recurrent droughts in terms of resilience
capacity? and (ii) what are the most relevant structural factors affecting the drought-related mortality
risk? We hypothesize that plantations will show lower growth resilience than naturally regenerated
stands. We also aim to provide new perspectives on the importance of growth resilience in terms of its
influence on the management of Mediterranean pine populations facing climate change.
2. Materials and Methods
2.1. Study Sites and Tree Species
We included data from two types of forests located in Sierra de Baza (Granada, southeastern Spain):
naturally regenerated forests (hereafter abbreviated as F stands, 37◦24′44” N; 2◦49′18” W, 1380 m
a.s.l.), and planted forests (hereafter abbreviated as P stands, 37◦20′28” N; 2◦45′38” W, 1340 m a.s.l.;
see Figure 1; Table 1).
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Table 1. Topographical and silvicultural characteristics of the four Pinus pinaster study stands and trees.
Values are ranges (slope) or means ± SE.
Stand Type Tree Vigor Class Site Code Elevation (m) Slope (%) Basal Area(m2 ha−1)
Diameter at
1.3 m (cm) Height (m)
Forest (naturally
regenerated stand)
Non-declining trees F-ND 1430 30–40 22.5 29.7 ± 0.6 8.3 ± 0.9
Declining trees F-D 1300 20–30 19.5 22.9 ± 0.8 6.4 ± 0.4
Planted stand
Non-declining trees P-ND 1380 20–30 24.0 24.07 ± 0.7 7.9 ± 0.3
P-ND 1505 20-30 22.5 23.76 ± 0.6 8.3± 0.3
Declining trees
P-D 1286 10–20 21.0 22.84± 0.5 6.2 ± 0.2
P-D 1340 10–20 23.5 20.78± 0.6 6.4 ± 0.2
P-D 1338 20-30 22.0 21.01± 0.6 8.8 ± 0.3
P-D 1256 10–20 22.5 24.34± 0.7 7.7 ± 0.3
P-D 1231 20-30 20.0 24.07± 0.6 7.1 ± 0.3
The F and P stands have a mean density of 400 and 750 trees ha−1, respectively. In this area,
low soil water-holding capacity cause soil dryness and increase tree mortality that is concentrated
at lower elevations and on sunny southwestern slopes. The study stands show diverse mortality
intensities in response to the droughts in the 2010s (Figure 1b) but share similar physiographic and
lithological characteristics. At each site, trees were considered non-declining or declining on the
basis of the percentage defoliation, with 60% as the threshold using the approach proposed by the
ICP-Forests [26], which consists of a visual evaluation of the crown with regard to leaf loss and color.
To avoid subjectivity in the visual evaluation of defoliation, all measurements were performed by the
same person. The climate in the study area is thermo-Mediterranean with average annual rainfall of
363 mm, a mean temperature of 15.2 ◦C, and hot (mean maximum summer temperature is 26.3 ◦C) and
dry summers (summer precipitation is 8.2 mm) (climate data correspond to Baza station, 37◦33′52” N,
2◦46′03” W, 814 m). The soils are formed on phyllites and quartzites with the most abundant soil
types being leptosols and regosols on dolomites in naturally regenerated forests, and entisols and
inceptisols on limestones in plantations. Slopes are steep (~25–35%). A mixture of P. pinaster and
Juniperus communis L. is characteristic of the F sites (Table 1), whereas the P sites are pure pine stands.
Figure 1. Cont.
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Figure 1. (a) Site locations in Sierra de Baza naturally regenerated Park (Granada, Andalusia,
southeastern Spain) showing the distribution of Pinus pinaster in the western Mediterranean Basin and
sampled plots corresponding to naturally regenerated forests (triangles) and forest plantations (circles);
Climate trends considering (b) mean annual temperature, spring precipitation and (c) the July Standardized
Precipitation Evapotranspiration Index (SPEI) calculated at 12-month-long scales for the 1950–2016 period.
The displayed statistics (r2, p) correspond to annual mean temperature (a =−24.3143 + 0.0192·b) and the
SPEI (a = 36.6379 − 0.0185·b).
Maritime pine (Pinus pinaster) is a conifer widely distributed in the Western Mediterranean Basin
where it grows over a broad range of elevations, climates, soils and water availabilities, from oceanic to
semi-arid climatic conditions [26]. It is considered a drought-avoiding species [27]. Dendrochronology
has been used to study this species because of its sensitivity in response to climate stress and its
relatively high longevity [15,17,25,27–29].
2.2. Field Sampling
We selected dominant trees belonging to a wide range of age classes in naturally regenerated
stands and a uniform age (36–40 years) in plantations, and measured their diameter at breast height
(DBH) and tree height (Table 1). We sampled two sites (n = 36 trees) located in F stands and seven
sites (n = 40 trees) located in P stands. At each site we sampled pairs of living or non-declining trees
(hereafter ND trees) showing a crown cover greater than 60% and declining (crown cover < 60%)
or recently dead (hereafter D trees) trees that were similar in DBH, height and micro topographical
position. Sampled trees were located at least 20 m apart from each other across a rectangular area of
1 ha. Two cores were extracted at 1.3 m height, using a Pressler increment borer from each pair of ND
and D trees in the naturally regenerated forests (18 pairs) and plantations (20 pairs) (Table 2). All dead
trees had outer ring dates that overlapped or pre-dated the 2015 drought.
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Table 2. Dendrochronological statistics of non-declining (ND) and declining (D) Pinus pinaster trees
sampled in naturally regenerated and planted stands. Abbreviations: TRW, mean tree-ring width
calculated for the common period 1975–2016; BAI20, mean basal area increment in the last 20 years;
MS, Mean sensitivity; AC1, first-order autocorrelation. Sites codes are as in Table 1. Values are means
± SE. Different letters indicate significant (p < 0.05) differences within each stand type.
Stand Type Vigor Class Code No. Trees (No. Cores) Age at 1.3 m (years) Timespan TRW (mm) BAI20 (mm2) MS AC1
Naturally
regenerated
ND F-ND 18 (36) 62 ± 3 1941–2016 2.04 ± 0.19 b 702 ± 46 b 0.27 ± 0.01 0.81 ± 0.01
D F-D 18 (30) 57 ± 2 1930–2016 1.26 ± 0.11 a 262 ± 17 a 0.30 ± 0.01 0.76 ± 0.02
Planted
ND P-ND 20 (39) 39 ± 1 1970–2016 2.43 ± 0.30 753 ± 72 b 0.44 ± 0.01 0.69 ± 0.01
D P-D 20 (40) 37 ± 1 1969–2016 2.28 ± 0.20 578 ± 61 a 0.43 ± 0.01 0.64 ± 0.02
2.3. Tree-Ring Methods
In the laboratory, the wood samples were air dried and carefully polished with successively finer
sandpaper until the tree rings were visible [30]. Visual cross-dating of samples was conducted before
measuring the tree-ring widths to the nearest 0.001 mm using a LINTAB measuring device (Rinntech,
Heidelberg, Germany). The cross dating was verified statistically using the COFECHA program [31].
A few sampled cores could not be cross-dated, and they were excluded from subsequent analyses
(see Table 2).
Basal area increments (BAI) were calculated from raw tree-ring widths (TRWs) to obtain a more
meaningful parameter of tree growth. Four chronologies or mean series of ring-width indices (RWIs)
were built for the two sites and vigor classes. The chronologies were obtained by removing the
long-term biological trends in radial growth as trees age and stems enlarge. Tree-ring widths were
converted into growth indices with stable mean and variance, by dividing the observed values by the
values expected based on negative exponential functions fitted to the TRWs. Autoregressive modeling
was performed to remove temporal autocorrelation and to generate residual RWIs at the individual
tree level. Finally, a biweight robust mean was used to compute the mean residual chronologies of the
RWIs for each stand and tree-vigor class. The chronologies were characterized using the following
statistics [32]: mean tree-ring width; basal area increments of the last 20 years (BAI20); first-order
autocorrelation of tree-ring width (AR1); and the mean sensitivity (MS) of residual RWIs.
2.4. Climatic Data
The availability of data from a weather station close to the study site is limited due to the length of
the observation period and gaps in local climatic data. Therefore, we used 0.25◦-gridded monthly data
for mean temperature and total precipitation available for the period 1954–2016 from the E-OBS data
set [33]. These climatic data were used to quantify trends in annual climatic variables and to assess
the climate-growth relationships considering monthly variables (mean, maximum and minimum
temperatures, precipitation). We obtained the July Standardized Precipitation-Evapotranspiration
Index at 6- (SPEI6) to 12-month-long scales (SPEI12) available at 0.5◦ spatial resolution to evaluate
drought severity [34]. Negative SPEI values correspond to water deficit and would be related to a
decline in growth, whereas positive SPEI values indicate wet conditions which should correspond to
enhanced growth. The SPEI was used to select the four most intense droughts in the study area for the
period 1975–2016 (Figure 1).
2.5. Growth Resilience Indices
Three climate indices (CR) were calculated for each stand type and tree group, according to [35]:
• The resistance index (CRT): this index quantifies the growth of the tree during the drought (Dr)
with respect to the previous growth (PreDr):
(CRT = Dr/PreDr) (1)
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• The recovery index (CRS): this is the response of the growth after the drought (PostDr) compared
with Dr:
(CRS = PostDr/Dr) (2)
• The resilience index (CRC): this is the ratio of the growth values after (PostDr) and before (PreDr)
the drought:
(CRC = PostDr/PreDr) (3)
Higher values of CRT, CRS and CRc indicate greater growth resistance, resilience, and recovery,
respectively. These indices were calculated using BAI data and considering four major droughts
selected using SPEI data: 1995, 1999, 2005 and 2011. The pre- and post-drought periods were 3 years
long to avoid drought overlap and because growth has been shown to recover to normal values after
this period [36].
2.6. Statistical Analyses
To quantify the growth responses to climate and drought, we calculated Pearson correlations
using residual chronologies as predictands and monthly climatic variables and SPEI as predictors.
Growth indices and monthly climatic series were correlated from the previous August until October
in the year of the following tree-ring formation [37]. Correlations were obtained for the common
period 1975–2016.
We assessed differences in the three resilience indices (CRT, CRS and CRc) calculated for the four
selected droughts (1995, 1999, 2005 and 2011) and the growth (BAI20) of ND vs. D trees across the two
stand types using Students’ t test for independent samples and analyses of variance (ANOVAs). Prior to
statistical analysis, we examined all indices for normality and homoscedasticity. When the variables
were not normal, the data were subjected to a Box-Cox transformation [38]. Differences among
treatments were considered significant at a level of p = 0.05.
We performed all analyses using R software version 3.4.0. The dplR and Treeclim libraries were
used to calculate tree-ring statistics and climate-growth correlations in the R statistical package [39],
and the lm, and glm libraries [40] were used for ANOVAs and Students’ t test.
2.7. Environmental and Silvicultural Variables Related to Tree Death
To assess the influence of the site and silvicultural conditions on declining and non-declining trees
according to the stand type, we obtained bioclimatic variables at a spatial resolution of 200 m × 200 m
compiled from the Andalusia Environmental Data Network (REDIAM, available from https://www.
rediam). We considered 45 environmental variables (climatic, topographic, and edaphic variables) as
potential predictors of the level of decline (Table S1, Supplementary Material). These variables were chosen
based on their eco-physiological relevance to the tree drought response [41]. Digital Elevation Model
(5-m spatial resolution) data were also obtained from the REDIAM, and used to generate topographical
variables (elevation, slope and aspect) in ARC GIS version 9.2 (ESRI, Redlands, CA, USA). In addition to
the environmental variables, silvicultural variables were also included to account for forest structure at
the site level: tree height (m), DBH (cm), basal area (m2 ha−1), and tree age (year), obtained by counting
tree rings.
We used sparse Partial Least-Squares regression (PLS) [42] to analyze the relationships between
the response variables (BAI and climatic indices) and level of decline with the environmental and
silvicultural variables of each stand. We chose this approach because PLS supports smaller sample sizes
that are smaller than covariance-based structural equation modelling techniques [43]. The predictor
matrix was composed of 45 variables whilst the response matrix was composed of BAI20 and the
climatic indices. The projected matrices were represented in a Correlation Circle to evaluate the
association between the stand types (defined by the response variables) and single site characteristics
(the predictor matrix). The spls package was used [42] for PLS analyses.
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3. Results
3.1. Regional Climatic Variability
We found a significant increase in annual mean temperature during the 20th century (Figure 1a),
with a “break point” around 1978 after which warming accelerated when compared with previous
decades. A significant reduction in annual precipitation was observed with a strong variability between
decades and years and wet periods (1950s, 1970s) alternating with dry decades (1980s, 1990s, 2000s).
After the 1980s, spring annual precipitation decreased rapidly (Figure 1a). Additionally, a long-term
trend was detected in the SPEI index with increasing aridity during the second half of the 20th century
as compared with the first half (Figure 1b).
3.2. Mortality and Growth Patterns
Site-level mortality (for trees with DBH > 10 cm) for P. pinaster after the 2010s drought was higher
in plantations (75%) than in naturally regenerated forests (40%). The longest tree-ring series dated
back to 1930 and 1969 in naturally regenerated and planted stands, respectively (Figure 2, Table 2).
The mean TRW for the common period (1975–2016) was higher in planted than in naturally regenerated
stands, but differences in TRW or BAI20 between ND and D trees were more significant (p < 0.001) for
naturally regenerated than for planted (p < 0.05) stands (Table 2). The variation in growth was similar
for all stand types with noticeable growth reductions in 1990–1995, 1999, 2005 and 2012 (corresponding
to dry periods), and growth increases in 1992, 1997, 2010 and 2013 (Figure 2).
The first-order autocorrelation was the highest in the F-ND trees, suggesting an elevated year-to-year
persistence in the growth of the naturally regenerated stands, whereas the mean sensitivity was the lowest
in the P-D trees, indicating a lower year-to-year variability in growth there than in the other sites.
3.3. Climate-Growth Relationships
These analyses revealed a significant association between growth (RWIs) and climate for all stand
types but with different magnitudes (Figure 3a). We found a negative and significant relationship
with mean temperature for the current May and June in the naturally regenerated stands (Figure 3a),
this association being caused by a negative growth response to high May maximum temperatures,
particularly in D trees (Figure S1, Supplementary Material). Under warm spring conditions this
negative effect was more noticeable in plantations than in naturally regenerated stands. In all stand
types, significant precipitation-growth correlations were also found for the previous autumn and
winter (September, December), but they were again more marked in plantations than in naturally
regenerated stands (Figure 3). In naturally regenerated stands, significant correlations were also
observed between growth and current April-May precipitation, particularly in D trees, whilst trees
from naturally regenerated stands particularly ND trees responded to March precipitation.
In naturally regenerated stands, the strongest growth responses to the drought index were found
for D trees and when considering the May and July SPEI6 and SPEI12 indices, respectively (Figure 3b).
In these stands, ND trees responded to the winter (December–January) SPEI6 values. The trees in
planted stands showed a lower response to the drought indices (SPEI6 and SPEI12) with the only
significant associations being for the April SPEI6 and when considering both tree types.
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Figure 2. Basal area increments of non-declining ((a,c)) and declining ((b,d)) Pinus pinaster trees
sampled in naturally regenerated forests ((a,b)) or plantations ((c,d)). The grey and black lines show
individual and mean values, respectively. The vertical dashed lines correspond to the 1990–1995, 1999,
2005 and 2012 droughts (see Figure 1b).
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Figure 3. Pearson correlation coefficients obtained by comparing radial growth (ring-width indices) and
monthly climatic data (a), Tm: mean temperature; P: precipitation) (b) drought SPEI index, SPEI 6 and
SPEI12 correspond to the SPEI calculated at 6- and 12-month-long scales, respectively) for non-declining
(black bars) and declining (gray bars) Pinus pinaster individuals from naturally regenerated (upper
plots) and planted stands (lower plots). Monthly climatic variables from the previous and current
years are abbreviated by lower and upper-case letters, respectively. Dashed lines are significant values
(p < 0.05). Correlations were calculated for the common period 1975–2016.
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3.4. Post-Drought Resilience Indices
The mean growth (BAI20) mainly differed between trees of different vigor (Table 3). The stand type
and tree vigor interacted significantly, affecting the CRC of the 1995, 1999 and 2012 droughts, the CRT
of the 1999 and 2005 droughts and the CRS of the 2012 drought (Table 3). A negative trend with time
was found for the CRS index in planted stands (Figure 4). The CRC index was higher in planted than in
naturally regenerated stands for most of the droughts considered due to the effect of ND trees.
Figure 4. (a) Resistance (CRT), (b) resilience (CRC), and (c) recovery (CS) growth indices calculated for
non-declining (ND trees, black bars) and declining (D trees, gray bars) Pinus pinaster trees in naturally
regenerated (left column) and planted (right column) stands, considering four droughts (1994–1995,
1999, 2005 and 2012). Dashed and dotted lines indicate trends, considering all droughts (x axes) for ND
and D trees, respectively. Asterisks indicate significant differences between ND and D trees based on
Student’s t test, *** p < 0.0001; ** p < 0.001; * p < 0.01 level. The displayed statistics (P) refer to significant
(p < 0.05) trends. Values are means ± SD. See Table 3.
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Table 3. Main statistics of the ANOVAs calculated for the resistance (CRT), recovery (CRC) and resilience
(CRS) indices and mean growth (BAI20, mean basal area increment calculated for the last 20 years).
The ANOVAs compared the three indices for four droughts (1995, 1999, 2005 and 2012) and considering
naturally regenerated vs. planted Pinus pinaster stands (factor “stand type”) and non-declining and
declining trees (factor “decline”). In each cell, the upper line is the F statistic and the lower line is its
significance level (p). The last column shows the comparison of the BAI20 values (see also Table 2).
Bold statistics correspond to significant F values (p < 0.05).
Factor
1995 Drought 1999 Drought 2005 Drought 2012 Drought
BAI20
CRT CRC CRS CRT CRC CRS CRT CRC CRS CRT CRC CRS
Stand type (S) 24.070 30.06 0.28 0.20 15.64 15.48 6.54 0.15 3.39 112.11 40.18 8.05 0.56
<0.001 <0.01 0.60 0.63 <0.01 <0.01 0.03 0.69 0.07 <0.01 <0.01 0.01 0.46
Decline (D) 0.54 14.26 2.62 9.39 8.01 0.44 11.15 0.02 8.51 14.02 21.57 2.87 101.430.44 <0.01 0.11 0.01 0.01 0.51 0.01 0.87 0.01 <0.01 <0.01 0.09 <0.01
S*D
3.70 7.18 0.02 20.83 36.99 0.02 9.45 1.12 2.13 0.01 14.02 8.24 36.81
0.06 0.01 0.97 <0.01 <0.01 0.89 0.02 0.29 0.15 0.91 <0.01 0.01 <0.01
3.5. Environmental and Silvicultural Drivers of Stand Responses to Drought
Following a sparsity test of the predictor matrix, the stand types were found to be related to
10 variables, which allowed separation of the four stand types studied (Figure 5). Declining naturally
regenerated stands were related to seasonal winter and autumn precipitation, whereas non-declining
naturally regenerated stands showed highly significant correlations with soil fertility (percent base
saturation). On the other axis, evapotranspiration, maximum temperature and annual radiation showed
highly significant correlations with the growth of declining trees from planted stands. High values of soil
water retention capacity, related to aspect and slope, were correlated with the growth of non-declining
trees in planted stands.
Figure 5. Weights plot of Partial Least-Squares regression (PLS). (a) Pearson correlation coefficients (r).
Black lines correspond to response variables (resilience indices calculated for the 1995, 1999, 2005 and
2012 droughts) and light gray lines correspond to predictors; (b) Scores of each case in the projected
observation matrix (T). Predictors (abbreviation): winter precipitation (pin), autumn precipitation
(po), percent base saturation (psb), evapotranspiration (eto), maximum temperature of warmest
month (tmaxc), annual radiation (rn), water retention capacity (crad), aspect (t_expo), slope (t_pend),
and active limestone (ca). See Table 1 for the stand descriptions and Table S1 (Supplementary Material)
for the variables’ abbreviations.
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4. Discussion
This study provides useful information for the analysis of the climate sensitivity of Pinus pinaster
stands and the resilience shown by this species when exposed to extreme drought events as a function
of stand origin and environmental site conditions. As hypothesized, declining trees in planted stands
showed a loss of growth resilience, specifically a negative trend in the post-drought recovery (CRC),
after successive droughts (Table 3, Figure 4). This loss of resilience may reflect the poor vigor of
these trees, which responded to recurrent droughts by showing a reduction in growth rates and by
needle shedding. These symptoms may portend widespread tree mortality, as has been observed in
other drought-prone pine plantations [10]. Therefore, our results confirm an increased sensitivity of
planted P. pinaster stands to drought which suggests that they will become increasingly vulnerable to
drought-triggered tree mortality in the coming decades [17]. However, our observations indicated that
climate-associated tree mortality is happening not only in planted but also in naturally regenerated
stands, suggesting that future dry spells and heat waves may be common underlying drivers of dieback
and mortality events in these marginal forests [44].
4.1. Climate- and Drought-Growth Relationships in Planted and Naturally Regenerated Stands
Several dendrochronological studies have used Pinus pinaster to detect the effect of climatic
conditions on growth, but most of them dealt with naturally regenerated forests [25,28,29,45–50].
Here, we fill this gap by comparing the climate-growth associations of naturally regenerated and
planted stands subjected to similar regional climatic conditions.
Warming-induced drought stress negatively affected both planted and naturally regenerated stands,
and most of the periods of growth reduction correspond to droughts documented in southern Spain [51,52].
However, the response to spring drought (April-May) was at short time scales in planted stands, whereas
naturally regenerated stands responded more strongly and mostly to medium-term drought stress (Table 2,
Figure 2). Non-declining P. pinaster trees had higher growth rates (BAI) than declining trees, with sharp
drops during dry years (1990–1995, 1998, 2005 and 2012). The recent growth reduction (BAI20) observed
in declining vs. non-declining trees differed between naturally regenerated (−62%) and planted stands
(−23%) (Table 2), suggesting that predisposing factors (tree-to-tree competition, low soil water availability,
etc.) may have suppressed the growth of declining trees in naturally regenerated stands (Figure 2b) before
the studied droughts triggered the mortality episode.
Our analyses agree with previous studies on drought-induced mortality, indicating that
climate-growth responses to climate depend on previous tree growth since declining trees show
lower growth rates [4,53], although other studies have shown higher growth rates for declining
or recently-dead trees prior to drought occurrence [18,28,54]. Low growth rates were caused by
warming-induced drought stress; specifically, water deficit in spring, as documented in other Iberian
pine forests [15]. However, tree age and size may influence the low-growth periods of P. pinaster in
complex ways [45], although the naturally regenerated and planted trees had similar size (DBH) and
age within each stand type.
Maritime pine (P. pinaster) is considered a drought-avoiding tree species which may adapt
to drought by diverse physiological responses (e.g., changing its hydraulic architecture, reducing
xylem susceptibility to cavitation, or increasing water-use efficiency by rapid stomata closure, [26]).
The physiological responses may be connected to the different growth responses we detected in the
different stands. The reduction in growth of declining trees seems to be related to water-deficit stress
which constraints meristem activity, reduces carbon uptake, and increases the vulnerability to xylem
embolism in xeric sites, increasing the chance of tree death [23]. Low growth is linked to changes
in the hydraulic architecture, including its capacitance, these being related to a reduction in water
transport and carbohydrates synthesis [55]. Non-declining stands, in contrast, have a more balanced
growth, which gives rise to more stable hydraulic structures and, therefore, they are less prone to
xylem embolism and drought-induced mortality [56]. Our findings indicate that trees showing lower
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radial growth under better climatic conditions also tend to have a lower capacity to withstand drought
and may be more likely to die.
In the case of planted stands, differences among trees with respect to their level of decline may
be modulated by competition, genetic differences, and the effect of soil preparation when planting.
High tree density may reduce root growth and crown development which would be unfavorable under
severe water deficits [53]. Additionally, the plantations of this study possibly originate from seeds of
provenances poorly adapted to the drought stress characteristic of semi-arid southeastern Spain [57].
Finally, and although the plantations were installed mainly at low-quality sites, the characteristics of
these soils were strongly modified by the soil preparation work, so, the growth responses to climatic
stress may be tightly conditioned by local site conditions [58]. All these factors may produce a loss
of vigor in individual trees, and thus an increased vulnerability to drought events and other stress
factors such as pests [59,60]. In this area, extensive tree damage has been also associated also with the
Maritime Pine Bast Scale (Matsucoccus feytaudi; R.M. Navarro, pers. observ.).
The climate-growth relationships differed between naturally regenerated and planted stands.
Naturally regenerated stands showed a positive response to wet conditions during the previous
autumn and winter and during the current spring and summer, whereas they showed a negative
response to warm spring (April–May) conditions (Figure 3). In contrast, growth in planted stands
was enhanced by wet conditions in the previous autumn (September) and winter (December) and
in the current early spring (March). Our findings echo those observed previously for the study
species in Spain [17,25,28,49], namely, a positive correlation between radial growth and cool-wet
spring conditions which can stimulate cambial dynamics, thereby resulting in increased production of
earlywood and enhanced growth. On the contrary, warm-dry spring conditions may reduce growth
through exhaustion of soil-water reserves before the summer dry season [15,29].
Declining trees from naturally regenerated stands showed the most pronounced sensitivity to
long-term (12 month) summer drought stress, possibly because the trees in planted stands were less
responsive and their growth was much suppressed (Figure 3). These results are in agreement with
previous studies on the limitations of the tree growth by drought stress [12]. Recurrent droughts
starting in the 1990s affect the months when Mediterranean pines have their maximum cambial activity,
namely, between April and June [15]. Drought stress can be exacerbated by the high temperatures
and low precipitation in the study site, one of the driest locations for P. pinaster in the Iberian
Peninsula [25]. These results are supported by the sensitive response of the naturally regenerated
stands to precipitation, probably because they are located in the soils of better quality [41]—as the
environmental analyses showed (Figure 5). By contrast, the low sensitivity to climate of the planted
stands indicates that their growth is conditioned more by non-climatic factors, such as the alteration of
soil conditions as a result of soil preparation during plantation whose legacy effects last for several
decades [61]—or intense tree-to-tree competition, leading to suppressed growth [9].
4.2. Response of the Resilience Indices of Pine to Droughts
The resilience indices were able to capture the drought impacts on P. pinaster growth and to
identify the time scale of tree growth recovery after droughts. During the four studied droughts
(1994–1995, 1999, 2005 and 2012), naturally regenerated stands had, in general, higher values of
the resistance (CRT) and resilience (CRS) indices than planted stands (Figure 4). Besides, planted
stands exhibited the highest values of the recovery (CRC) index, in the 1994–1995 and 2012 droughts.
The lower resistance these planted stands could reflect reduced vigor [35], which is consistent with the
well-documented, age-related decline of growth in this species [45] and the often-disproportionate
mortality of plantations relative to naturally regenerated forests [8]. However, the downward trend
of the recovery (CRC) and resilience (CRS) in planted stands is a relevant finding; it indicates a
cumulative effect of droughts on the capacity of these stands to respond to consecutive droughts,
particularly in the case of CRC and the declining trees. Contrastingly, we found a better resistance and
resilience in naturally regenerated stands, indicating that they may be less vulnerable to drought due
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to a combination of microsite quality and intrinsic factors such as physiological state and genetics.
Nevertheless, their ability to recover their pre-drought growth levels is not necessarily higher than
that of planted stands [35].
These findings suggest that climate warming and drought stress especially affect the tree
growth, vitality, and mortality rates of planted stands, as found in other drought-prone regions [6].
This vulnerability may be due to competition, related to high tree density, and the use of genetic
provenances with poor ability to withstand droughts [57]. The susceptibility to drought can also indicate
the negative effect of environmental factors acting in the long-term (e.g., aridification) on tree growth and
vigor and/or the effect of repeated drought events over time [33], which resulted in abrupt mortality
events after extremely dry and warm years (e.g., 2012, 2016).
Overall, planted stands were less resistant and non-declining trees had higher levels of growth
recovery. Naturally regenerated stands showed greater values of resistance, suggesting that micro-site
conditions play important roles on the growth responses to drought.
4.3. Responses of Growth and Climatic Indices to the Environment and Stand Structure
Seasonal precipitation variables (winter and autumn) were the most important factors related to
the growth of declining trees from naturally regenerated stands. However, the growth of non-declining
trees from these stands was related to the percent base saturation, a proxy of soil fertility, which may
be related to improved soil water uptake (Figure 5). Thus, a deep and fertile soil helps to mitigate
the negative effects of drought on tree growth and improves the resistance of trees, particularly in
naturally regenerated stands [58] as explained before. These stands occur at sites with gentle slopes
and more developed soils, with higher water-holding capacity than those of the planted stands.
Evapotranspiration, maximum temperature, and annual radiation were the key climatic variables
related to the growth of declining trees from planted stands which confirms that the growth of these
trees was constrained by low water availability and high water demand. This is likely a consequence
of the presence of declining planted stands on less developed and steeper soils, such as south-facing
slopes on limestone substrates with low water-holding capacity [62]. In contrast, high values of water
retention capacity—related to aspect and slope—were correlated with the growth of non-declining
trees from planted stands, which are located at sites with a higher soil water retention capacity where
the negative impacts of drought on growth are buffered [63]. Therefore, the negative impacts of
drought on tree growth are largely modulated by the environmental site conditions, although the
lack of fine-scale environmental and soil data at the tree level prevents a better understanding of the
influence of silvicultural/neighbourhood variables on individual growth.
5. Conclusions
We have illustrated the negative effects of warming-related drought stress on the growth, vigor,
and survival of P. pinaster trees, particularly those in plantations. Temperature-induced drought
stress and diminishing spring precipitation appear to be increasingly limiting for P. pinaster growth
in planted stands and to a lower extent in naturally regenerated stands. In both cases, a progressive
and extended reduction of growth has been observed in consecutive drought events during the
1990s, 2000s and 2010s—which weakened trees, leading to recent peaks in mortality. Declining trees
in planted stands are vulnerable to drought stress because they have lost resilience capacity after
successive drought episodes. Plantations show difficulties in adapting to dry spells—which may
threaten some of these stands situated in semi-arid regions, triggering dieback and widespread
mortality. However, site-specific variables (slope, aspect, soil type, tree density, genetic origin) may
buffer the negative effects of drought on growth and help to prevent severe mortality episodes in
plantations. Growth resilience growth indices may be useful for the early detection of forest dieback
in Mediterranean pine plantations. P. pinaster drought stress response and resistance are complex
biological processes that need to be analyzed at a local scale. We use a dendrochronological approach to
address drought stresses encountered by naturally regenerated and plantations forests and to predict
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how silvicultural alternatives may contribute to stand acclimation and the design of strategies to
mitigate the impacts of drought on plantations (e.g., thinning treatments).
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(b) Declining plantations. The vertical lines correspond to marker droughts years 1990–1995, 1999, 2005, 2012
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indices) and monthly climatic data (Tmax: Mean maximum temperature; Tmin: Mean minimum temperature,
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are significant values (p < 0.05).
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